We conducted a phylogenetic survey of the endogenous retrovirus Gypsy in the eight species of the Drosophila melanogaster subgroup. A 362-bp fragment from the integrase gene (int) was amplified, cloned, and sequenced. Phylogenetic relationships of the elements isolated from independent clones were compared with the host phylogeny. Our results indicate that two main lineages of Gypsy exist in the melanogaster subgroup and that vertical and horizontal transmission have played a crucial role in the evolution of this insect endogenous retrovirus.
Introduction
Retroelements form a large and diverse family of mobile elements that can be found in all eukaryotes. They all share a common mechanism of replication: they propagate by reverse transcription of RNA intermediates and integrate their genetic information into the genome of the host cell. Retroelements include endogenous retroviruses (EnRVs), which are long terminal repeat (LTR)-containing elements, with cis-regulatory and coding sequences necessary for the production of potentially infectious particles. These coding sequences are the gag, pol, and env genes ( fig. 1 ), which are also present in the ''true'' exogenous retroviruses (ExRVs). However, several major differences exist between EnRVs and ExRVs: (1) the EnRVs are distributed in vertebrate (Lower, Lower, and Kurth 1996) and invertebrate genomes (Pelisson et al. 1997) , whereas ExRVs have so far been described only in vertebrates; (2) the EnRVs are integrated in the genome of the germ cells and are therefore transmitted ''vertically,'' like nuclear genes, in contrast with the ExRVs, which propagate strictly ''horizontally'' by cell-to-cell infection.
Insertion of an EnRV DNA copy (provirus) into the genome of the germ line is potentially mutagenic for its host. Then, EnRVs are submitted to selective pressures rendering their maintenance compatible with their hosts. Understanding the evolutionary histories of EnRVs in eukaryotic genomes remains a puzzling challenge. A better insight into patterns of EnRV evolution is likely to emerge from detailed studies of a set of closely related organisms whose phylogenetic relationships are well understood. The Gypsy retrovirus of Drosophila is useful for the study of EnRV evolution and the hostretrovirus interaction because Gypsy and its control by the host genome have been extensively studied (Prud'homme et al. 1995; Pelisson et al. 1997; Chalvet et al. 1999) , and the phylogeny of Drosophila species is well documented (Lachaise et al. 1988) .
Sampling procedures concerning the number of retroelements and the number of species to be analyzed must be carefully considered. Indeed, mistakes in the interpretation of the relationships between elements may result from the mixture of (1) orthologous sequences (from the same element lineage) when one or few randomly sampled elements from a broad spectrum of taxa are analyzed or (2) paralogous sequences (from different elements lineages) which are not phylogenetically comparable when a large sampling of elements from a single species is examined (Capy, Anxolabehere, and Langin 1994) .
Phylogenetic relationships for partial Gypsy sequences from the eight species of the melanogaster subgroup (Lachaise et al. 1988) were examined in the context of the phylogeny of their hosts. These partial sequences concern the integrase domain (int) of Gypsy ( fig. 1 ). The integrase protein is required for the integration of the provirus into the host genome. Hence, integrase is crucial for the replication of Gypsy and its interaction with the host genome because it specifies the DNA target site preferences.
Our results demonstrate that two main Gypsy lineages exist within the melanogaster subgroup. The distribution of these lineages among the species suggests a complex pattern of vertical and horizontal transfers.
Materials and Methods

Strains and DNA Extraction
Drosophila erecta, Drosophila mauritiana, Drosophila orena, Drosophila sechellia, Drosophila simulans, Drosophila teissieri, and Drosophila yakuba were kindly provided by Dr. Françoise Lemeunier (Centre National de la Recherche Scientifique, Gif-sur-Yvette, France). The D. melanogaster strain used in this work was MSn1, which is permissive for Gypsy transposition and contains a high copy number of Gypsy proviruses (Kim et al. 1994) . DNA was extracted from 50 adult flies as previously described (Bucheton et al. 1986 ). We checked for the absence of genomic cross-contamination with PCR experiments to amplify the internal spacer regions of the rDNA genes in the eight species genomic extracts, using primers CS249 and CS250 as described (Schlotterer et al. 1994) . As expected in the absence of fig.  1 ). Reaction volumes were 50 l and contained 2.5 U Taq Plus polymerase (Stratagene, La Jolla, Calif.), 5 l Taq Plus low-salt buffer, 200 nM each dNTP, 400 nM each primer, and approximately 50 ng template DNA. Reaction parameters were as follows: 95ЊC for 5 min, followed by 20 cycles of 93ЊC for 30 s, 60ЊC for 30 s, and 72ЊC for 7 min, followed by 72ЊC for 10 min. One tenth of the reaction products were assayed on 1% agarose. A second round of amplification (int PCR) was performed from 1 l of the XL PCR products using primers E and F in order to amplify the integrase domain. Reaction volumes were same as for XL PCR, except that 2.5 U of Pfu polymerase (Stratagene) and Pfu buffer was used. Reaction parameters were as follows: 95ЊC for 5 min, followed by 25 cycles of 93ЊC for 30 s, 55ЊC for 30 s, and 72ЊC for 1 min, followed by 72ЊC for 20 min. This product was cloned into the pCR-Script Amp SK(ϩ) cloning vector according to the manufacturer's instructions (Stratagene).
The XL PCR and the following int PCR did not give any positive result for the D. simulans, D. mauritiana, and D. sechellia species. New PCRs were performed using primers C and D in order to amplify a large Gypsy fragment (L PCR; fig. 1 ). Reaction volumes were same as for XL PCR. Reaction parameters were as follows: 95ЊC for 5 min, followed by 2 cycles of 93ЊC for 1 min, 58ЊC for 30 s, and 72ЊC for 6 min, followed by 20 cycles of 93ЊC for 30 s, 55ЊC for 30 s, and 72ЊC for 7 min, followed by 72ЊC for 10 min. A second round of amplification was then performed from 1 l of each L PCR product using primers E and F in order to amplify the int domain. These products were then purified and cloned into the pCR-Script Amp SK(ϩ).
At least four clones from each species were sequenced in both directions using the reverse and forward M13 primers with an Applied Biosystems 373A automated sequencer according to the manufacturer's protocols.
Data Analyses
A multiple alignment of the nucleic acid sequences was performed using CLUSTAL X (Thompson et al. 1997) . Jukes-Cantor nucleotide distances were estimated using Distances (GCG, version 10.0). Phylogenetic analyses were done using the bootstrap neighbor-joining tree method (1,000 replicates) as implemented in CLUSTAL X, the maximum-likelihood method as implemented in the program PUZZLE, version 4.0 (Strimmer and von Haeseler 1997) , and the maximum-parsimony method using the PAUPSearch and PAUPDisplay programs as implemented in GCG, version 10.0 (Swofford 1991) . Diverge (GCG, version 10.0) was used to estimate the numbers of synonymous (K s ) and nonsynonymous (K a ) substitutions per site between two sequences coding for proteins (Li 1993) . Trees based on sequence data were obtained using Treeview (Rod Page, http://taxonomy. zoology.gla.ac.uk/rod). The sequences reported in this paper have been deposited in the EMBL database (accession numbers AJ279868-AJ279900).
Results and Discussion
Phylogenetic Distribution of Gypsy Is Incongruent with Host Species Phylogeny
In order to study the evolution of Gypsy, we employed a PCR-based assay using genomic DNAs from the eight species of the D. melanogaster subgroup. Because many deleted Gypsy elements are present in the genome of Drosophila (Lambertsson, Andersson, and Johansson 1989) , we first amplified a large fragment of the Gypsy genome (XL PCR; fig. 1 fig. 1 ). int PCR products were then subcloned, and at least four subclones from each product were sequenced in order to take into account the potential within-species polymorphism. This integrase domain was chosen because both primers were designed in conserved regions, while the resulting amplified region diverges highly among Gypsy elements (Capy et al. 1996) , whereas the consensus positions of retroelement integrase are shaded (Marlor, Parkhurst, and Corces 1986). from D. melanogaster, D. subobscura, and D. virilis. Thus, the int sequences are potentially informative for a phylogenetic study.
Eight clones from D. melanogaster were obtained: four were issued from XL PCR and four were issued from L PCR. They were all identical, and this is why only one sequence (me) appears in the subsequent analyses. Only two clones have deletions: one from D. mauritiana (ma1), which contains two deletions of 21 bp and 22 bp, and one from D. sechellia (se3), which contains a 20-bp deletion. These deletions inactivate ma1 and se3 copies. The other sequences encode a polypeptide of 120 amino acids ( fig. 2) . Figure 3 shows the neighbor-joining unrooted tree, including Gypsy sequences from D. subobscura (X72390) and D. virilis (M38438). This tree is clearly incongruent with the host species phylogeny. The main result is that three major clusters of sequences are fully supported by maximal bootstrap values: the simulans (si)/sechellia (se)/mauritiana (ma), the melanogaster(me)/teissieri (t)/yakuba (y)/orena (o)/erecta (e), and the subobscura (sub)/virilis (vir) clusters. Within the melanogaster/teissieri/yakuba/orena/erecta cluster, we note that (1) the e3, e4, and e5 sequences from D. erecta form a distinct group (e345); (2) e1 and e2 (e12) group together with the orena sequences, whereas the t and y sequences form a separate group; and (3) the clustering of the me sequences to the teissieri/yakuba group is supported by a lower but still significant bootstrap value (707). In order to specify the Drosophila melanogaster int sequences branching point, maximum-parsimony analysis and maximum-likelihood analyses were performed. The maximum-parsimony analysis gave the same topology concerning the melanogaster/teissieri/yakuba cluster (bootstrap value ϭ 870, 100 replicates), whereas the maximum-likelihood analysis built a tree in which me clusters with o and e12 sequences (quartet puzzling reliability ϭ 92%).
Two Gypsy Lineages Exist in the melanogaster
Subgroup Species
The fact that me clusters with [t, y, o, e12] is the first hint of disagreement between the Drosophila and Gypsy phylogenies. Such inconsistency suggests horizontal transfer events. However, it was shown that disagreements between phylogenies can also be explained by other evolutionary processes, such as faster evolution in certain lineages and/or ancestral polymorphism (Capy, Anxolabehere, and Langin 1994) . In order to test the possibility of horizontal transfers of Gypsy, we estimated the Jukes-Cantor nucleotide distances between int sequences from the eight species and compared them with the Jukes-Cantor distances between the 3Ј untranslated regions of R1 sequences (Eickbush et al. 1995) . R1 is a non-LTR retroelement found in many insects (Eickbush et al. 1995) . Comparison with R1 is useful for two reasons: (1) it was shown that R1 evolves at rates similar to those of nuclear genes in the melanogaster species subgroup (Eickbush et al. 1995) ; (2) moreover, its replication involves, like Gypsy, a reverse transcriptase enzyme which is known to be error-prone. By comparing the distances values of int and R1, we can test horizontal versus vertical transfer: if int is vertically transmitted and evolves at the same rate as R1, the nucleotide distances for all pairwise comparisons of int and R1 from the eight species should be equal.
Results are presented in figure 4. [D. simulans, D. sechellia, D. mauritiana] distances, suggesting that these sequences were transmitted like R1 in these species, i.e., vertically from a common ancestor (fig. 4) . In order to further study this point, we compared K s values between species estimated from the int sequences and from the R1 coding sequences ( We also note the high K s /K a ratios between [si, se, ma] sequences and the other sequences (table 1) . This result indicates that int is subjected to purifying selection, which is indicative of frequent replications of Gypsy.
Thus, we have shown the presence of two major lineages in the melanogaster subgroup: one lineage (GypA) is present in the D. simulans, D. sechellia, and D. mauritiana species, whereas the second lineage (GypB) is present in the other species. We have also shown that GypB sequences [me, ma, t, y, o, e12] result clearly from multiple horizontal transfer events. Because the number of sequences analyzed may be not represen- NOTE.-me 241 AACTGTCACCTCAATGCTCAAG: UgypB; si 241 G--AA----G-----------A: UgypA. The lower primer F was used for the two PCR experiments, using the same reaction parameters as for int PCR (See Material and Methods). tative of the entire population of Gypsy in the different genomes, we validated our sampling procedure by designing a set of primers specific for GypA and GypB in order to detect the presence or absence of these two lineages in the L PCR products from these four species (table 3 Lachaise et al. (1998) , who propose that early populations of D. simulans were restricted to coastal eastern Africa and islands in the Indian Ocean until the end of the Pleistocene. Next, multiple horizontal transfers of GypB elements occurred in D. melanogaster, D. teissieri, D. yakuba, D. orena, and D. erecta in equatorial Africa. These horizontal transfers require that certain assumptions be met, such as geographical and ecological overlap between the donor and recipient species.
However, one can argue that Jukes-Cantor distances and K s comparisons are not sufficient to classify e345 in the GypA lineage. Thus, an alternative hypothesis ( fig. 5B ) is that Gypsy was absent in the ancestral species of the melanogaster subgroup and that two major events of horizontal transfers of GypA and GypB occurred after the split of the melanogaster and simulans lineages, when these two species were not yet sympatric (Lachaise et al. 1988 ). If we want to take into account the special status of e345, we should then assume that two GypB sublineages arose in D. erecta, or that D. erecta was first colonized by e345, and that the presence of e12 in this species is consecutive to a second transfer contemporary to that of o, t, y, and me sequences.
Conclusions
Significant evidences of horizontal transmission of transposable elements were restricted to class II or DNA-to-DNA transposons (Daniels et al. 1990; Maruyama and Hartl 1991) . However, the first unambiguous evidence of horizontal transfer of the copia LTR-retrotransposon has just been reported (Jordan, Matyunina, and McDonald 1999) . The results presented here show that two main lineages, GypA and GypB of Gypsy elements, exist within the melanogaster subgroup species. By comparing the degree of similarity of the int sequences with that of R1 elements, the most parsimonious explanation is that multiple horizontal transfers did occur at least among the D. melanogaster, D. teissieri, D. yakuba, D. orena, and D. erecta species. The main difference between Gypsy and copia is that horizontal transfer of Gypsy could potentially occur without a vector like a parasite or a virus, since Gypsy encodes an infectious envelope.
Interestingly, the absence of GypB and the presence of GypA within the simulans complex species correlates with its biogeographic history. Moreover, the fact that we found only two defective sequences, ma1 and se3, in this screening for Gypsy elements in the melanogaster subgroup and that K s /K a values between [si, se, ma] sequences and the other sequences are relatively high suggest that these elements are active within the melanogaster subgroup. It would be worth knowing if the Gypsy elements from other species are potentially infectious like their counterpart in D. melanogaster (Kim et al. 1994; Song et al. 1994; Teysset et al. 1998) . Gypsy is normally repressed in D. melanogaster by a host gene called flamenco, which controls the transposition and infective properties of Gypsy (Bucheton 1995) . We do not yet know the status of flamenco in the other species, but it would be useful to determine if the alleles of genes homologous to flamenco are permissive or restrictive for Gypsy expression in species other than D. melanogaster in order to gain further insights into the evolutionary history of the relationship between endogenous retroviruses and their hosts. This work was supported by the Programme ''Génome'' of the Centre National de la Recherche Scientifique and by the Association pour la Recherche contre le Cancer.
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